Abstract
Introduction

70
Air quality has long been considered an important issue in climate change, visibility, 71 and public health, and it is strongly dependent upon meteorological conditions, emissions, In this study, the optimal interpolation (OI) method with the Kalman filter was 116 applied in order to develop an operational air quality prediction system, since this method is currently being and will continue to be applied to current air quality prediction systems.
121
These works are now in progress.
122
In addition, this manuscript also discusses several practical issues frequently The details of the datasets and methodology used in this study are described in Sect. In addition to the satellite data, ground-based observations in South Korea and China
204
were also collected for use in the operational air quality prediction system for PM and gas-205 phase pollutants. The orange, red, and blue dots in Fig. 1 by Eqns (3) and (4), respectively, as shown below: Here, the single scattering albedo (ω) refers to the fraction (portion) of the scattering 250 over total extinction. In this work, σ ext was estimated using β and f(RH), as suggested by The calculated AODs were used in the air quality prediction system in order to prepare the 
Data assimilation (DA)
257
The ground-based observations, together with GOCI-derived AODs, were used to 258 prepare the ICs for the operational air quality predictions with the CMAQ model simulations.
259
In order to achieve this, the following steps were taken: (i) the CMAQ-calculated prediction system, the DA cycle is 24 hours and the assimilation takes place every day at 268 00:00 UTC (refer to Fig. 3 ).
269
The optimal interpolation (OI) method with the Kalman filter was chosen in the 270 operational air quality prediction system. The OI method was originally used for 271 meteorological applications (Lorenc, 1986) , and has also been used in the assimilations for In the procedure of operational DA, PM10 was assimilated in this study, because the 311 PM10 data were more plentiful than PM2.5. The assimilated PM10 then needs to be allocated 312 into the PM composition for the CMAQ-model prediction runs. In order to achieve this, the 313 differences between the assimilated PM10 and background PM10 (∆PM10) were first calculated.
314
Then, ∆PM2.5 was estimated using the ratios of PM2.5 to PM10 from the background CMAQ 315 model runs (i.e., ∆PM2.5=∆PM10×PM2.5/PM10). ∆PM2.5 was then allocated to the PM2.5 
Results and discussions
324
The performances of the air quality prediction system were evaluated by comparing concentrations that were more consistent with the observations than those of the BASE RUN.
343
In case of CO, the observed CO mixing ratios were about three times higher than 344 those from the BASE RUN. These large differences are well known, and have been attributed became substantially closer to the observations, as shown in Fig. 7(b) . This is clearly due to the fact that NOx is an important precursor of ozone. In the prediction of the ozone mixing 370 ratios, both 1-hr peak ozone (around 15:00 KST) and 8-hr averaged ozone mixing ratios 371 (between 9:00 and 17:00 KST) are important. Fig. 7 clearly shows that the prediction 372 accuracies of both the ozone mixing ratios were improved after the DA of NO2 mixing ratios.
373
Although the DA for NO2 provided better ozone predictions, one should take caution 374 in using the NO2 observations. The NO2 mixing ratios measured at Air Korea sites are known mixing ratios are being standardized with more sophisticated year-long NO2 measurements.
383
After the corrections of the NO2 measurement artifacts, more evolved schemes of ozone and 384 NO2 predictions will be possible in the future. As shown in Fig. 7 , about a 20% reduction
385
(average fraction of non-NO2 mixing ratios in the observed NO2 mixing ratios) was made for 386 these demonstration runs (Jung et al., 2017).
387
Another practical issue is now discussed. Although the assimilation with the 388 observed NO2 mixing ratios can enhance the accuracy of the predictions of the daytime ozone 389 mixing ratios, the nighttime ozone mixing ratios tend to be consistently over-predicted in the 390 aggregated plot of the ozone mixing ratios at the observation sites (see Fig. 7 ). This is 391 believed to be caused by underestimation of the mixing layer height (MLH). over-predicted nocturnal ozone mixing ratios.
400
Although the correct predictions of the daytime ozone mixing ratios are substantially 401 more important, it is also worth trying to achieve correct predictions of the nocturnal ozone 
405
The other area of study is that the WRF-calculated MLH can be "bias-corrected" to match the 406 observed MLHs in the interface (MCIP) between a MET model (e.g., WRF) and a CTM 407 model (e.g., CMAQ). These efforts are now underway as well.
408
In this work, the aerosol composition (such as EC, OA, sulfate, nitrate, and for all of the major PM constituents. Again, this is another strong capability of our system for 412 predicting not only particle mass, but also the "chemical composition" of particulate matters. Noticeable improvements are observed to have been achieved in the spatial distributions by 418 applying the ICs into the CMAQ model simulations, particularly for PM10 (Fig. 10a) , PM2.5
419
( Fig. 10b) , and CO (Fig. 10c ). As shown in Fig. 10 , the under-predicted concentrations of 420 PM10, PM2.5, and CO were adjusted to concentrations closer to the observations. In case of 421 SO2 (see Fig. 10d ), the DA RUN produced better agreement with the observations than the observations from the Air Korea stations for PM10, PM2.5, CO, SO2, and O3 (see Fig. 11 ).
440
Definitions of the statistical variables are given in Appendix A.
441
After the applications of the ICs, both RMSE and MB became lower, while the 
AOD
462
In this section, a sensitivity analysis was conducted with different implementation 463 time-intervals of the DA (i.e., 24, 6, and 3 hours) for AOD (refer to Fig. 12 ). As shown in Fig.   464 12, more frequent implementation of the DA is expected to make the predicted results closer 465 to the observations. Although the DA RUN with a shorter assimilation time-interval tends to 466 produce a better prediction, it is not always the most appropriate choice, since the shorter 467 assimilation time-interval results in increased computational cost. Therefore, an optimized 468 assimilation time-interval should be found to achieve the best performances from the given
469
DA system with the consideration of its own computational ability. 
PM and gases
472
In addition, sensitivity analyses of the developed air quality prediction system to at 00:00 UTC. Here, for the 2-hr OI run, the DA was implemented three times a day at 20:00, 480 22:00, and 00:00 UTC, while for the 1-hr OI run, the DA was implemented at 22:00, 23:00, 
486
Unsurprisingly, more frequent DAs prior to the actual prediction mode (i.e., before 487 00:00 UTC in our system) with a longer time-interval (such as 2-hr) will be computationally 488
costly. There will certainly be a "trade-off" between the precision of air quality prediction and 
Summary and conclusions
493
In this study, an operational air quality prediction system was developed by preparing 
500
The performances of the developed prediction system were evaluated using ground are required to achieve better SO2 predictions, and these can be estimated through inverse 513 modeling using satellite data (e.g., Lee et al., 2011) . The adjustments of both ICs and 514 emissions may be able to improve the performances of the air quality prediction system, and 515 this will be examined in future studies.
516
Moreover, the developed air quality prediction system will be upgraded by using the 517 new observation data that will be retrieved after 2020 from the Geostationary Environment
518
Monitoring Spectrometer (GEMS) with a high spatial resolution of 7 × 8 km 2 as well as a 519 high temporal resolution of 1-hour over a large part of Asia. In addition, the current DA contributions from all co-authors. 
APPENDIX A: FORMULAS FOR STATISTICAL EVALUATION INDICES
556
The formulas used to evaluate the performances of the operational air quality prediction 557 system are defined as follows. 
